We propose a novel, high degree of freedom variable stiffness joint for use in a miniature snake-like robot for minimally invasive surgeries via granular jamming. By pulling granule filled membrane-columns under vacuum, the columns and joint stiffen as the granular matter begin to jam. In our experiments, we achieved a four-fold increase in stiffness, and the stiffness can be achieved while the columns are straight or bent. Current flexible manipulators in industrial and medical robotics have followed two dominating methods of actuation and stiffness control. The first method is the continuum manipulator, which utilizes tendons or rods to bend the manipulator in a continuous fashion. The second method is classified as the highly articulated robot, where the manipulator is comprised of multiple segments linked by motordriven universal joints. Like the latter, our manipulator is highly articulated, however stiffness of each joint can be independently controlled by the granular jamming principle. This paper studies the effect of grain type and vacuum pressure for stiffness tuning. We found that granules with a matte surface were able to achieve higher stiffnesses, with a cube shape exhibiting the highest stiffness, but at the cost of high levels of hysteresis.
INTRODUCTION
Current medical robotics, particularly surgical manipulators, reduce patient trauma after operations, but have rigid arms which limit their dexterity. In particular, laparoscopic surgeries, also known as minimally invasive surgeries (MIS), use flexible manipulators to deploy sensors and surgical tools through one to three key holes in the patient. Nonetheless, while it has been beneficial to insert cameras or tactile sensors into the body, most laparoscopic tools lack the ability to wrap around an organ, let alone remain passive enough to not disturb it. Robots like the da Vinci robot are limited to operating on one side of the organ, whereas a continuum or highly articulated manipulator may operate from behind the organ, as well [1] . We propose a novel new flexible manipulator design, which uses granular jamming in the joints of a highly articulated robot, to serve as a surgical tool which can maintain passivity or rigidity.
Flexible Manipulator Designs
The contemporary field of flexible manipulators is dominated by two major types of designs, continuum robots [2] [3] [4] and highly articulated robots [5, 6] . Continuum robots are typically tendon or rod driven, though they can also be pneumatic or hydraulic. The main principle behind continuum serpentine robots is to actuate a spine-like structure with a mechanical muscle or tendon. Highly articulated robots, on the other hand, use motor-driven jointed segments for actuation. Because a motor is required to drive each degree of freedom (DOF) at each joint, highly articulated robots tend to be much larger than their continuum counterparts. Flexible manipulators like the I-snake by Imperial College London [6] and the Highly Articulated Robot Probe (HARP) by Carnegie Mellon University [7] are already making significant headway in the field of flexible manipulators. However, both types of robots, as well as the Da Vinci surgical robot, are unable to vary the stiffness along the length of the manipulator. This makes it difficult for them to operate around moving organs like the heart, where passivity is more preferable than rigidity. These robots also have limitations to the degrees of freedoms (DOF) they can exhibit, as the Carnegie Mellon HARP is limited to the number of rods that can be used for bending and the Imperial I-snake only has one DOF at each joint.
Variable Stiffness Designs
It is important to develop a robot manipulator which can vary its stiffness, because strictly rigid and semi-rigid instruments cause clashing at the entry point [1] . The ability to feed a passive or compliant manipulator into the operating environment, and rigidify later is a more ideal system, because it applies less stress on the body [8] . In terms of variable stiffness manipulators, various prototypes have been developed in the science community to develop variable stiffness joints. These designs typically rely on spring tensioning to stiffen a particular joint [9, 10] . However, such designs, require at least one, dedicated motor for each degree of freedom to be stiffened, meaning each joint may need an additional one or two motors to control its stiffness.
We propose to use bead-filled columns to control the stiffness of each joint based on the granular jamming principle. The columns surround each joint linkage; and when they are partially inflated, then the joints are soft, malleable, and can be passively manipulated with an external device. When air is evacuated from the column, the beads compress together, and the geometric shape and friction between beads will cause them to lock in place, rigidifying the joint at the given orientation [11] . The main advantage of this design is that just one column would be required to control the stiffness of a two DOF joint. Furthermore, every joint can be linked to a single pipeline, and joints can independently vary their stiffness with a micro-valve.
This set up can be used for scaffolding purposes, very similar to the Vacu-SL endoscope developed by the Delft University of Technology [8] . When in its passive state, doctors can deform and position the manipulator inside the patient. When the air is evacuated from the manipulator, the rigidified structure will serve as a scaffold to support the body cavity, such as holding up hanging organs or fat. Unlike the Vacu-SL endoscope, which engages the entire manipulator with the same stiffness, our design can control and vary the rigidity along the manipulator. In other terms, out manipulator would be able to have rigid ends and a FIGURE 1. Left: a passive joint which can be used as a scaffolding tool. Right: a design for the variable stiffness, actuated joint, where elements can also be inflated to serve pneumatic muscles. In both cases, the columns are filled with granules, with sealed ends. soft middle. While the rigid ends are performing tasks, the soft middle would absorb movements from beating organs.
By adding positive pressure to the columns in the multiple column design found in Fig. 1 , actuation can be achieved. With a braided sleeve around each column, the variable stiffness elements would double as McKibben actuators. Using pulsemodulated valves for each column, the manipulator can be both actuated and varied in stiffness with a single pump.
In a laparoscopic setting, this type of mechanism not only has the benefit of compliance and passivity, but can also be designed to be compatible with magnetic resonance imaging (MRI), by utilizing passive, one-way, rubber valves. This paper will first discuss the design of the variable stiffness joint, then the ideal type of granule that should be used for the mechanism, as sources such as [12, 13] have noted that granule shape is the most important aspect for stiffness of a packed material. The paper will then show how the variable stiffness joint can be controlled to achieve a desired stiffness in a given direction by mapping individual column stiffnesses to the joint. Lastly, future work will be discussed.
THE VARIABLE STIFFNESS ELEMENT
The variable stiffness element is comprised of a latex column filled with small, granular material.
In Fig. 2 , it can be seen that the design of the variable stiffness element allows for it to increase the stiffness at any given orientation.
SIMULATIONS
The jamming of particulate or granular systems is analogous to the transition of a fluid into its solid state of matter. When the density of the granular system is low, to which many granules are not touching neighbors, the energy required to move the granules is much lower than that of a packed or jammed system. It should be noted that jammed systems and systems in mechanical equilibrium are not the same. For example, a poured pile of sand would be considered in mechanical equilibrium, as the granules do not move. However, when disturbed, the sand flows downward; whereas in a jammed state, the sand would resist the same disturbance [14] [15] [16] .
For granular systems, it is important to examine 3 main variables, the volume fraction of particles, friction, and friction energy loss.
Volume Fraction
The volume fraction φ is defined as the volume of granules V g divided by the volume of the column V c . In our experiments, we used a constant volume of granules, so the volume fraction φ is dependent on the column, as the flexible membrane reduces in volume at lower pressures.
Friction
The friction coefficient µ g examined in this case is the static friction coefficient of the granule surface. The friction force F f is dependent on the packing pressure of the column, where F n is the normal force between granules.
F n can be found from the external pressure acting on the system.
where here P is the outside pressure acting on the column and S gc is the surface area of the granule cluster, which is also the surface area in contact with the membrane.
Combining Eqn. (2) and (3), we have the total friction force as
Friction energy loss For Eqn. (3) and (4), we assume that the variable stiffness element behaves linearly and like a solid object. However, when an external force F ext is exerted on the system, we expect there to be additional hysteresis in the system, which is caused by a friction energy loss between the granules. The part of the energy loss can be attributed to the sliding of the granules as the column bends.
This sliding can be found by treating the column as beam composed of N number of layered plates, with each plate being one granule thick. The sliding distance d s between each layer is simply:
where t is the thickness of the layer and θ is the angle of deflection.
The work done by the external force, would then be the sum of stiffness element's stored spring energy and friction energy loss. We now take F f from Eqn. (4) and multiply it by the sliding distance from Eqn. (5) .
where U is the strain energy stored in the column as a cantilever beam. 
where L is the total length of the column, and l is a length along the column.
In Fig. 4 , data was loaded from measured results: force forward and force return. These are the forces required to move the variable stiffness element, as depicted in Fig. 3 . The calculated strain energy was found using (7), the terms EI was estimated to be 8000, F ext as 2 N, and L as 0.04 m. For the friction energy loss, set equal to the external work in from Eqn. (6) , values were set as follows: µ g = 0.5, P = 101kPa, S gc = 0.004m 2 , d s = .001 m, and N = 3. The total measured energy loss is the area under the measured force forward minus the measured force backward from Fig. 4, 5 .36 Nm. The predicted energy loss only amounted to 0.625 Nm, meaning additional modeling work must be done to account for the hysteresis. With a sensor, a feedback loop can be used to further compensate for the difference in stiffness.
EXPERIMENTS
In our set-up, the column has a outer diameter of 15 mm and length of 40 mm with a 0.15 mm thickness. Several granular materials were tested for this application, each with a diameter of 4 mm. A volume of 5600 mm 3 of granular material was used for each type, as it was just enough to provide some rigidity to the column when under atmospheric pressure. The four types of granular materials picked were beads of different shapes: matte cube, smooth spherical, smooth faceted, and matte spherical. These four were chosen based on commercial availability and price.
The experiments consisted of deflecting each column 10 mm with 1 mm step increments forwards and backwards. The force was recorded for each distance to calculate the stiffness of the column. This test was done for atmospheric (105 kPa), 70 kPa, 35 kPa absolute pressures. Fig. 7 shows the comparisons between the four types of granules tested. Each test shows that the granules approach and saturate at a maximum force. Our tests show that the matte cube granules worked best, as they exhibited the most friction between each other. Additionally, the cube beads exhibited the widest range of stiffness, with a difference of 1.5 N between the highest and lowest vacuumed states. Conversely, the smooth sphere granules performed the worst, as the spherical shape of the granules and smooth surface limited its ability to maintain a jammed state. For the cube granules, the high contact area and efficient packing shape made it ideal for jamming. However, it should be noted that the cube beads exhibited less stiffness when the granules were not arranged in parallel. In other words, when the cubes were mixed in diagonal and parallel orientations, the stiffness of the column dropped. This increases the amount of variance the cube granules have.
From Fig. 7 and 8 , there is a clear sign of hysteresis. When the force sensor is paced back, it takes the element 5 times longer to reach an equilibrium state than in the forward measurements. It should be noted that during the return phase, a 0 value in force denotes a loss of contact between the element and the force sensor. When this occurs, the tested element would not return to its original position. Thus, the variable stiffness element undergoes plastic deformation, with some elastic deformation, as well.
CONTROLING THE STIFFNESS
To control the stiffness of the flexible manipulator, each element at the joints will have a controlled stiffness k local , which, when added together, make up the global stiffness K global at that joint. This is for the multiple column design in Fig. 1 . K global = ∑ T k local (8) which can be expanded to
and
N is the number of elements, θ i is the position of an element defined by ( 2π N )i, k is the stiffness, R is the distance from the manipulator center to element center, E is the Young's modulus of an element, I is the area moment of inertia of an element, and A is the cross sectional area of an element.
To re-map a desired stiffness for the entire manipulator, there exists a solution where each element can exhibit the same stiffness. This allows for the use of just one motor pump to control the stiffness of the entire joint. The local k values for a desired K desired is
where T is the transformation matrix and σ is a random variance.
In case σ > 0, as in a variance within the elements, Eqn. (11) can be iterated.
First, a global stiffness matrix K out derived from the initial local guesses is initialized.
Then, K out is updated to match K desired .
where η is the step size. Finally, the new local stiffnesses k local are derived from the updated K out .
The new k local matrix can be fed back into the actuation elements to compensate for random variances they may exhibit or experience.
In Fig. 9 , it can be seen that the desired stiffness can be achieved after a few hundred iterations, which can be computed quickly, 1-2 seconds in MatLab on a 1.6GHz Intel Core 2 Duo laptop with 4GB of ram. While it is not real time, the stiffening aspect of the manipulator currently does not require operation in real time. A leeway of a few seconds for the device to rigidify is acceptable. It should be noted that this control scheme requires feedback on the current stiffness of the element. While not previously mentioned in this paper, we do plan to implement sensors in each element to measure its stiffness. A small pressure sensor or strain gage could serve to close the loop in the control.
DISCUSSION
Understanding the effect of granule type on the variable stiffness mechanism is important, as it is the key component contributing to the joint's stiffness. In this paper, the material and thickness of the membrane were kept constant, though they may also play an important role. However, a thicker membranes could reduce the element's softness and cause the column to exhibit a tendency to straighten, which is not ideal. To the best of the authors' knowledge, granular jamming has not been previously tested with homogeneous cubed or faceted polygons, as other work focus mainly on spheres and irregular grains. The variance between tests for the cubes was higher than other granule types, due to the cube granule's dependence on its packing alignment. Whereas the rounded granules could achieve more consistent volume fractions, the cube beads were sometimes unable to achieve an optimal volume fraction, and thus hindering its performance.
Both the granule shape and surface texture play an important roll in granular jamming. As the matte cube beads were able to achieve 1.7 times the stiffness of the smooth spheres. However, in every case, a significant amount of hysteresis was measured. In our simulations, we attempted to explain the loss in energy between forward and return measurements of the stiffness element, but our assumptions may be insufficient. Our linear equations seem to show that a nonlinear term must play a role to explain the nonlinear energy loss. Besides friction, the energy loss might be caused by a shift in granule positions, changing the spring energy of the element. Also, it is known that stretched latex has a nonlinear behavior; the element membrane could also be a source of the nonlinearity [17] .
Another major problem is the range of stiffness achieved. Although a 4-fold increase in stiffness is good, the upper bound of rigidity limits the joint's practicality. For tissue manipulation, about 6 N of force is needed. The variable stiffness joint presented here can only achieve 2 N.
CONCLUSIONS

Conclusions
In this study, we examined different types of granules for use in a variable stiffness joint. The stiffness joint was made of a 15 mm diameter by 40 mm length cylindrical, latex membrane filled with 4 mm diameter granules. When the joint element was pulled under vacuum, a force sensor measured the stiffness achieved by the jammed granules. It was found that the matte cube grain type was most ideal, as it achieved the highest stiffness level as well as exhibiting the widest range of stiffness.
In our tests, the columns would consistently fail to return to their original position, causing a large amount of hysteresis. Although while the stiffness column undergoes plastic deformation, it can be effectively reset by temporarily increasing the internal pressure of the column. This allows the joint and subsequently, the manipulator, to remain versatile and robust in uncertain environments.
We have introduced a novel joint mechanism that can provide a flexible manipulator, such as a snake-like robot, with the ability to vary its stiffness along the different sections of its body.
Future Works
Future work would be to examine the effect of the membrane, miniaturization of the mechanism, feedback, and actuation with positive pressure. The material properties and thickness of the column membrane is likely to have an effect on the per-formance of the variable stiffness element. Such as an increase in membrane thickness would increase the upper bound stiffness of the vacuumed element, but at the cost of also increasing the lower bound stiffness of the unvacuumed element. Other designs can also be considered to increase the overall stiffness and reduce hysteresis, such as embedding a carbon fiber tube within the center of the column. A pre-curved tube can also be inserted into the manipulator to actuate and define the shape of the robot, with the variable stiffness elements rigidifying the base shape [4] . Work on pneumatic muscles has been researched for several decades as seen in [2, [18] [19] [20] . As the variable stiffness element uses an expandable membrane, it can be developed into a pneumatic muscle. Not only will the variable stiffness element be use to control the rigidity of a joint, but will double as a actuation mechanism, as well.
